Ozonated water OW is presently used as a chemical disinfectant in many fields, due to its versatile antimicrobial properties. As ozone rapidly decomposes to oxygen, especially in the presence of organic matter, it is important to estimate the authentic antimicrobial activity of OW in the presence of contaminants. However, the effect of contaminants on the antimicrobial activity of OW has not been fully investigated. To address this, we evaluated the effect of protein contaminants on the antimicrobial activity of OW. The survival rate of each tested microorganism excluding Bacillus subtilis spores was reduced to less than 0.1%, when the microorganism suspension was exposed to 9.1 ppm of OW for 15 s in the presence of 0.0045% protein. Our study therefore suggests that approximately 10 ppm of OW can reduce the survival rates of almost all microorganisms in the presence of proteins.
In order to determine if ozonated water OW can be effectively used as a disinfectant and cleaning agent, there are some important considerations, including the concentration, and verification of the OW exposure time. Many reports have demonstrated that approximately 2 ppm of OW is sufficient to kill microorganisms in vitro settings Kim and Yousef, 2000; Khadre et al., 2001 . As organic matter hampers the antimicrobial activity of OW, higher concentrations of OW are needed for disinfection in the presence of organic matter, compared to the absence of organic matter. In a previous study, the Escherichia coli viability was found to be below the detection levels after exposure to 0.188 ppm of OW for 1 min; whereas, equivalent levels of E. coli mortality were observed in the presence of 0.002% bovine serum albumin BSA after 5 min of exposure Restaino et al., 1995 . Although some studies, designed to elucidate the inhibitory effects of contaminants on the antimicrobial activity of OW, have been published, the appropriate amount and concentration of OW expected to show expected antimicrobial activity have not been established Restaino et al., 1995; Williams et al., 2005 . Therefore, a detailed examination of the appropriate amounts and concentrations of OW for disinfection in the presence of contaminants is required.
OW shows strong antibacterial activity within a short contact time. It has been reported that the survival rate of microorganisms is reduced from 5% to 0.001% within 15 s of exposure to a low concentration of OW in vitro Farooq and Akhlaque, 1983; Restaino et al., 1995 . The half-life of OW is estimated to be 2 to 20 min in aqueous solution Wickramanayake, 1984; Tomiyasu et al., 1985 . Moreover, the half-life of OW becomes shorter in the presence of contaminants including organic matter, because the contaminants density of 10 6 TCID 50 ·mL -1 using a 100,000-Da ultramembrane filter Merck Millipore, Germany to increase the virus titers and remove soluble low-molecular-weight components Yakes et al., 2013 . B. subtilis was propagated in Nutrient Agar Nissui, Japan at 30 for 10 d for spore formation. The culture was suspended in saline and heated at 65 for 30 min Guidi Rontani et al., 2001 . The suspension was washed three times with saline and reheated for 30 min at 65 . The suspension was then washed twice with saline and re-suspended in saline at a density of 10 6 CFU·mL -1 .
OW was prepared using an ozone water generator ED-OW-8; EcoDesign, Inc., Japan . OW concentration was measured by an ozone monitor EL-600; EBARA JITSUGYO, LTD., Japan .
The half-life of OW is short and depends on co-existing substances as well as the method used to generate OW. Therefore, we first confirmed whether the OW generated in this study would be competent for the assessment antimicrobial activity. Consistent with previous studies Restaino et al., 1995; Oizumi et al., 1998; Kim et al., 1999 , we demonstrated that the survival rates of the bacteria, fungi, and FCV were below the detection levels in the presence of 1 ppm OW for 5 s Table 1 . This result indicated that this system was suitable for the measurement of the antimicrobial activity. hPIV2 was inactivated by more than 3 logs after exposure to 1 ppm of OW for 30 s and 1 min of exposure was sufficient to reduce hPIV2 to levels below detection Table 1 . hPIV2 was instantly below detection after 5 s of exposure to 2 ppm of OW Table 1 . It is generally recognized that enveloped viruses are more sensitive to OW than non-enveloped viruses. This result raised the possibility that hPIV2 might be less sensitive to OW than FCV. Poliovirus type 3 is much more difficult t o i n a c t i v a t e w i t h O W t h a n p o l i o v i r u s t y p e 1 Katzenelson et al., 1974 . Similarly, hPIV2 is more difficult to inactivate with OW than other types. However, further studies are needed to confirm this result.
We next examined the inhibitory effect of contaminants on the antimicrobial activity of OW. Among numerous contaminants, we selected BSA Wako Pure Chemical Industries, Ltd., Japan because it is commonly found as a contaminant when testing the efficacy of sanitizers Yamaoka et al., 2016 . The antibacterial activity of OW in the presence of BSA was measured using E. coli as a model of a gram-negative bacterium and S. aureus as a model of a gram-positive bacterium. The suspensions were mixed with equal volumes of OW at a final concentration of 1, 2.5, or 5 ppm for 1 min. Each test solution was transferred to a 9-fold volume of SCD broth for neutralization. In the presence of 0.0025% BSA, E. coli and S. aureus were both inactivated by 98.1% to 99.7% after exposure to 1 consume ozone. Therefore, the effective time of OW exposure is recognized to be approximately 1 min.
The aim of this study was to provide a criterion for the concentration of OW required to harbor the expected antimicrobial activity for disinfection in the presence of contaminants. We investigated the effect of protein contaminants, which are commonly used to test the efficacy of sanitizers for organic matter, Kawamura-Sato et al., 2008 on the antimicrobial activity of OW. This study is the first report to reveal the concentrations of OW that efficiently reduce microorganism activity by more than 3 logs 99.9% within 1 min, even in the presence of protein contaminants.
The microorganisms and cells were prepared as follows. Escherichia coli NIH JC-2 and Pseudomonas aeruginosa ATCC 10145 were used as models for gramnegative bacteria. As models of gram-positive bacteria, Staphylococcus aureus FDA209P and Staphylococcus epidermidis sp-al-1 were used. The optimal growth temperature for P. aeruginosa ATCC 10145 was 37 . Bacillus subtilis ATCC 6633 was used as a model for spore-forming bacteria. These strains were inoculated onto Soybean-Casein Digest DAIGO SCD agar Nissui, Japan . Fungal strains, Candida albicans IFO1060 and C. glabrata ATCC 2001, were inoculated onto Yeast Peptone Dextrose YPD agar Difco, USA . Bacteria were propagated in SCD Broth Nissui, Japan at 37 in a shaking incubator at 150 rpm for 16 h Park et al. 2016 . Fungi were propagated in YPD Clontech, Japan at 30 in a shaking incubator at 150 rpm for 16 h Ohta et al., 2000 . Bacteria and fungal cultures were washed twice with sterile distilled water sDW and suspended at densities of 10 7 CFU·mL -1 Restaino et al., 1995 . Feline calicivirus FCV ATCC VR-782 was used as a model for a nonenveloped virus. The virus was propagated in Crandell Rees feline kidney cells CRFK for 5 d Sanekata et al., 2010 . Cells for viral infection were cultured in Eagle's MEM containing 10% fetal bovine serum FBS , penicillin 100 units·mL -1 , and streptomycin 100 µg·mL -1 at 37 in 5% CO 2 . The human parainfluenza virus type 2 hPIV2 Toshiba strain was used as a model of an envelope-harboring virus. The virus was propagated in rhesus monkey kidney epithelial cells LLC-MK2 for 5 d. The cells for viral infection were cultured in -MEM containing 5% FBS and kanamycin 100 µg·mL -1 at 37 in 5% CO 2 Tsurudome et al., 1989 . Viruses were harvested from the cell lysates by freeze-thawing, followed by centrifugation at 3,000 rpm for 10 min. To concentrate and purify the viruses, the supernatants were layered onto 20% sucrose-phosphate-buffered saline PBS , followed by centrifugation for 2 h at 16,000 g Schnell et al., 1996 . The viral stocks were suspended in PBS and concentrated to a 4.5 ppm of OW for 15 s and 9.1 ppm of OW for 5 s Fig. 1C , D . These results indicated that a 5 s exposure to 9.1 ppm of OW would be sufficient to inactivate E. coli and S. aureus, even in the presence of 0.0045% BSA. It is generally recognized that gram-negative bacteria are more sensitive to OW than gram-positive bacteria. However, our results indicate that, S. aureus is more sensitive to OW than E. coli in the presence of BSA. Restaino et al. s showed that the inhibitory effect of 20 ppm of BSA on the antimicrobial activity of OW against E. coli was elevated 10-fold relative to that against S. aureus. As we used more than a 2-fold concentration of BSA relative to them, the antimicrobial activity of OW against E. coli might be strongly inhibited by 0.0045% BSA. Although further studies are necessary, it is possible that BSA not only decomposes ozone, but also binds bacterial cell walls, thereby offering protection from ozone.
We next evaluated the antimicrobial activity of 10 ppm of OW final concentration: 9.1ppm against microorganisms other than E. coli and S. aureus, under the same conditions of concentration and exposure time conditions, in the presence of a final protein concentration of 0.0045%. Additionally, we investigated the antimicrobial activity of OW using protein contaminants of various molecular weights: BSA 66.5 kDa, 6.8 10 -7 mol·L -1 , ovalbumin OVA; 45 kDa, 1.0 10 -6 mol·L -1 Wako Pure Chemical Industries, Ltd., Japan , lactalbumin Lact; 14 kDa, 3.2 10 -6 mol·L -1 Wako Pure Chemical Industries, Ltd., Japan , and peptones from protein digestion about 4.96 10 -5 mol·L -1 ; this value is the average mole-concentration obtained using the manufacture s data sheet Becton Dickinson or 2.5 ppm of OW Fig. 1A . These results indicate that living bacteria were observed even after exposure to 2.5 ppm of OW for 1 min, when the OW harbored protein contaminants.
One of the criteria for the antimicrobial activity of disinfectants is their ability to reduce the survival rates of microorganisms to less than 0.1%. We tried to achieve this criterion by changing two factors, reducing concentration of protein contaminants and/or increasing the concentration of OW. We evaluated the antimicrobial activity of higher concentrations of OW in the presence of lower concentrations of BSA 0.0045% but with longer exposures 30 min . The bacterial E. coli or S. aureus suspensions 0.1 mL were adjusted to 10 6 CFU·mL -1 in the final, total volume of each test solution after the addition of OW. BSA 0.9 mL was added to each suspension at a concentration of 0.05%. Next, an equal volume final concentrations: 0.025% BSA and 5 ppm OW , a 2-fold volume final concentrations: 0.017% BSA and 6.7 ppm OW , a 5-fold volume final concentrations: 0.083% BSA and 8.3 ppm OW or a 10-fold volume final concentrations: 0.0045% BSA and 9.1 ppm OW of OW was added to each mixture. The survival rate of E. coli was below the detection levels in the presence of 0.0045% BSA, whereas, the survival rate of S. aureus was below the detection levels in the presence of 0.083% Fig. 1B . We further investigated the time dependency of the antimicrobial activity at 4.5 ppm and 9.1 ppm OW in the presence of 0.0045% BSA. E. coli was inactivated by 99.7% after exposure to 4.5 ppm of OW for 1 min, while the inactivation rate increased after exposure to 9.1 ppm of OW for 5 s. S. aureus was not detectable after exposure to 2.00 0.01 1.7 10 5 TCID 50 · mL -1 5 sec. 100
Feline calicivirus 1.02 0.01 6.3 10 5 TCID 50 · mL -1 5 sec. 100 TCID 50 : 50% tissue culture infectious dose Water temperature: 20 1 Results are shown as the mean S.D. of three repeated measurements 3-fold series of dilutions for FCV or by a 10-fold series of dilutions for hPIV2. The diluted viruses were used to infect the corresponding cells. The cells were incubated at 37 in 5% CO 2 . At 5 and 7 d post-inoculation, the virus titers of the samples were calculated by the Karber method Kende and Robbins, 1965 . As shown in Table 2 , the tested microorganisms excluding the spores, were inactivated by exposures to 9.1 ppm of OW for 15 s even in the presence of 0.0045% protein, suggesting that approximately 10 ppm would be an optimum concentration of OW for disinfection because is the survival rate of almost all of the microorganisms to less than 0.1% within a 1-minute exposure. B. subtilis is known to be highly resistant to disinfectants, because the spore have a tough, protective endospore, which allows it to tolerate extreme environmental conditions. Spore viability was not detectable after exposures to 9.1 ppm of OW for 30 s in the Labware, USA . The bacteria and fungi were adjusted to 10 6 CFU·mL -1 , and the spores and viruses were adjusted to 10 5 CFU·mL -1 in sDW in the final, total volume of each test solution. After exposure of the microbial suspension to the OW, each test solution for the bacteria, fungi, and spore was transferred to a 9-fold volume of SCD broth for neutralization; the virus test solution was transferred to a 9-fold volume of the appropriate medium containing 5% FBS for neutralization. We ascertained that the antimicrobial activity of the OW was abolished by these neutralization methods data not shown . In the case of the bacteria, fungi and spores, the neutralized samples were then inoculated on the appropriate agar plates. The plates were incubated at either 37 bacteria or 30 fungi for 24 h, and the number of bacteria or fungi was measured by the spread plate method. In the case of the virus samples, the neutralized samples were diluted by a FIG. 1 Antibacterial activity of OW with BSA against E. coli and S. aureus A ; By mixing equal volumes of a bacterial suspension and OW, the amount of E. coli and S. aureus was measured after exposure to OW for 1min, with or without the indicated final concentration of 0.0025% BSA. B ; By mixing an equal final concentrations: 0.025% BSA and 5 ppm OW , a 2-fold final concentrations: 0.017% BSA and 6.7 ppm OW , a 5-fold final concentrations: 0.0083% BSA and 8.3 ppm OW , or a 10-fold final concentrations: 0.0045% BSA and 9.1ppm OW volume of 10 ppm of OW with a bacterial suspension, the number of E. coli and S. aureus was measured after exposure of OW for 30 min with 0.05% BSA. C and D ; By mixing a final concentration of 4.5 ppm or 9.1 ppm of OW with a bacterial suspension, the number of C E. coli and D S. aureus was measured after exposure of OW for 1min with a final concentration of 0.0045% BSA. Results are shown as the mean S.D. of three repeated measurements. The closed diamonds show the maximal values based on the calculation from when the number of colonies was below the detection level. absence of protein, while a short-exposure to OW was unable to sufficiently inactivate the spores in the presence of 0.0045% protein Table 2 . This result indicated that more than 10 ppm of OW or a bacterial dilution suspension, which decreases the concentration of protein contaminants, would be required to inactivate B. subtilis spores in the presence of protein contaminants. The inhibitory effect of peptones on the antimicrobial activity of OW against viruses and B. subtilis spores was strong as compared to other proteins Table 2 . These results suggested that the decrease of OW antimicrobial activity could be a response to an increase in the protein molar concentration. However, further studies are needed to confirm this result.
In conclusion, our study provides a protocol for disinfectants using OW: exposure to approximately 10 ppm of OW for more than 15 s would reduce the survival rate of most microorganisms excluding spore to less than 0.1% even in the presence of 0.0045% proteins contaminants. Therefore, when the sterilization target contains a large amount of protein, such as in the case of blood, removal of the protein by wiping or prewashing before exposure to OW is recommended. Although further studies are needed, our study could provide clues for the creation of guidelines and protocols for ozone disinfectants for more effective and safe use of ozone.
